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Abstract 
It is difficult to find the optimum machining conditions in wire electrical discharge machining (wire-EDM), because discharge 
current is influenced by the impedances of the wire and workpiece electrodes which may vary depending on the diameter of the 
wire, height of the workpiece and materials of wire and workpiece even if the pulse conditions are the same. Hence, this study aims 
to develop a simulator to analyze the distribution of the current density, and magnetic flux density in and around the wire to obtain 
the impedances of the wire and workpiece electrodes using the electromagnetic field analysis by finite element method (FEM). 
With this method, the dependences of the impedances on the electromagnetic properties of the electrodes were investigated. The 
impedances measured using an LCR meter coincided with the analysis results. Thus it was confirmed that this analysis is useful to 
obtain the discharge current waveform which may change depending on the dimensions and material properties of the electrodes, 
serving a tool to optimize the machining conditions. 
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1. Introduction 
In wire electrical discharge machining (WEDM), the 
following variable forces act on wire electrode under the 
same wire tension [1]: the bubble expanding force 
caused by the discharge, the electrostatic force caused by 
the potential difference between the wire and workpiece, 
the electromagnetic force caused by the interaction 
between the electromagnetic field and discharge current 
and the flushing fluid force. These forces cause the wire 
electrode vibration, leading to lower machining 
accuracy. Han et al. [2] analyzed the wire vibration 
caused by the bubble expanding force, electrostatic force 
and flushing fluid force, and simulated the machining 
accuracy quantitatively. On the other hand, the 
electromagnetic force can be obtained from the vector 
product between the current density and magnetic flux 
density.  Tomura et al. [3] performed the 
electromagnetic field analysis around the wire electrode 
by FEM to obtain the electromagnetic force acting on 
the wire, and calculated the wire vibration generated by 
the electromagnetic force. 
 The electromagnetic field around the wire electrode 
depends on the electromagnetic properties of the 
electrodes including both the wire electrode and 
workpiece. This indicates that the impedance of the 
discharge circuit in the working area including the wire 
electrode and workpiece is affected by the 
configurations and materials of the electrodes. Kruth et 
al. [4] showed experimentally that the material of wire 
electrode would affect the discharge current waveform, 
even if the pulse conditions were same. The material of 
the workpiece and the height of the workpiece may also 
affect the discharge current waveform. Since the aim of 
the study of Tomura et al. [3] was to calculate the wire 
vibration, the discharge current waveform was supposed 
to be known and constant independent of the electrode 
materials. Thus, this study aims to investigate the 
influence of the impedance of the electrodes. The circuit 
between the feeding point of the wire and the ground of 
the workpiece was modeled as a series circuit 
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constructed by a resistance and inductance, and its 
impedance was analyzed by the electromagnetic field 
analysis using FEM. 
2. Analysis 
2.1. Algorithm of Analysis 
This analysis aims to calculate the impedance of the 
discharge circuit in the working area including the wire 
electrode and workpiece. The circuit from the electric 
feeder through the wire and workpiece to the ground was 
modeled as a series circuit composed of a resistance and 
an inductance as shown in Fig. 1, ignoring the stray 
capacitance between the wire and workpiece. It was 
assumed that discharge occurs at one end of the 
workpiece and discharge current 2i is supplied equally 
from both sides of the wire. Currents from both sides of 
the wire are almost same [5], so these currents are 
assumed i. Since the workpiece is connected to ground at 
the other end, all the discharge current travels through 
the workpiece in the longitudinal direction. With this 
model, the impedance of the whole circuit including the 
wire and workpiece was calculated by analyzing the 2-
dimentional electromagnetic field in the cross section 
perpendicular to the wire axis as shown in Fig. 2.   
 
Fig.1 Analysis model 
 
Fig.2 Analysis cross section 
Since the potential difference between the wire and 
workpiece was considered to be negligibly small, the 
stray capacitance between the wire and workpiece was 
ignored. The electromagnetic field in the cross section 
can be analyzed using the 2-dimensional Poisson’s 
equation. 
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Here, ν is magnetoresistivity which is inverse of 
permeability μ. A is vector potential which is expressed 
with magnetic flux density B by B = rot A, and J is 
current density. When the current starts flowing in the 
wire or the workpiece, the magnetic flux increases, 
inducing an eddy current in the direction interrupting the 
change in the magnetic flux. Current density J in Eq (1) 
is expressed as the sum of the forced current density 
supplied from the discharge pulse generator Jf and eddy 
current density Je, . 
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Here, σ is conductivity, and S is cross section area. 
When the forced current from the pulse generator is i, Jf 
= i/S in the wire. Through the FEM analysis of 
simultaneous equations (1) and (2), the distribution of J, 
A and B can be calculated. As a boundary condition, A = 
0 at the edges of the analysis area. Fig. 3(a) and (b) show 
examples of analyzed distribution of J and B in the wire, 
respectively. The dotted circles show the edge of the 
wire. Due to the skin effect, current density is higher 
near the surface of the wire. Integrating the cross product 
of J and B over the cross section area S, the 
electromagnetic force acting on the wire can be 
obtained. Thus, the wire vibration caused by the 
electromagnetic force can be analyzed [3]. It is known 
that the structure of wire; single or coated, affects the 
distribution of current in the wire [6]. This analysis can 
calculate the current density distribution for any wire 
structures. 
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(b) Magnetic flux density B 
Fig.3 Example of analyzed current density and magnetic flux density 
(coated wire, steel workpiece, gap width 100μm) 
 From A, voltage drop per unit length along the wire 
axis u can be obtained as, 
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Here, between u and i, there is a phase difference α, 
which is related to resistance R and reactance ωL of the 
whole circuit shown in Fig. 1 as expressed by, 
α 
 tan/ (4) 
Here, resistance R is obtained from Eq. 5 with 
resistivity ρ, length l and cross section S, where 
subscripts “wire” or “work” indicate the value of the 
wire or the workpiece, respectively. 
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(5) 
Substitution of Eq. (5) into Eq. (4) gives reactance 
ωL. Thus, circuit impedance Ż and its amplitude |Z| can 
be obtained by: 
!" 
   #$ (6) 
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2.2. Conditions of Analysis 
Calculations were carried out for two kinds of wire 
shown in Fig. 4: a single component wire made of brass, 
and steel wire coated with brass 3 μm in layer thickness. 
The diameter of the wires was 100 μm. For the 
workpiece, two kinds of workpiece were used: steel, 
which is a ferromagnetic substance, and copper, non-
magnetic. Hence, calculation was performed for four 
conditions in total, because there were two kinds of wire 
and two kinds of workpiece. The gap width between 
wire and workpiece was 100 μm, and the cross section 
of the workpiece was 1 mm × 1 mm. Difference in the 
calculation results between the workpiece size of 10 mm 
× 10 mm and 1 mm × 1 mm  was insignificant. Hence, in 
order to reduce the analysis time, the size of the 
workpiece was set as 1 mm × 1 mm. Gap width was 
large not to cause a collision between the vibrating wire 
and workpiece in the study of electromagnetic force 
acting on the wire [3]. Although the present study does 
not analyze the vibration of wire, the same gap width 
was used. The forced current i was approximated as a 
sine curve with 500 kHz in frequency, because the actual 
discharge duration was 1 μs. The amplitude of the 
current was 1 A. In this analysis, the saturation of 
magnetroresistvility ν under the large magnetic flux 
density B was ignored. Therefore, the amplitude of 
current does not influence on the circuit impedance 
obtained from the analysis. 
Magnetroresistvility ν and conductivity σ are shown 
in Table 1. 
 
Fig.4 Wire structures used in analysis 
Table 1 Electromagnetic properties used in analysis 
 Steel Copper Brass 
Magnetro-
resistvility 
ν = 1/μ [m/H] 
1000 (B2 < 3) 
9500B2-27500 
(B2 > 3) 
7.9 × 106 6.7 × 106 
Conductivity 
σ = 1/ρ [S/m] 
6.7 × 106 6.5 × 107 1.6 × 107 
2.3. Results of Analysis 
Analyzed absolute values of impedance |Z| are shown 
in Fig. 5. Here, it is noted that Ż means the impedance of 
the whole discharge circuit shown in Fig. 1 including the 
wire and workpiece. Fig. 5 shows that the impedance 
with the coated wire was greater than that with the brass 
wire. In contrast, the impedance with steel workpiece is 
slightly greater than with copper workpiece, the 
difference was insignificant. Now, from Eqs. (5) and (6), 
R and ωL was calculated as shown in Figs. 6 and 7. 
Comparing these results, it is found that R is exerting 
more dominant effect on Ż than ωL. Moreover, since the 
cross section of the workpiece is significantly larger than 
that of the wire, resistance of the wire is dominant in R. 
Hence, the higher resistivity of steel than brass results in 
higher impedance with the coated wire than brass wire, 
and the difference in the impedance is insignificant 
independent of the workpiece materials.  
Brass Steel
Brass wire Coated wire
3μm
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Fig.5 Analyzed Impedance |Z| 
 
Fig.6 Analyzed Resistance R 
 
Fig.7 Analyzed Reactance ωL 
 As for the reactance ωL, the reactance with coated 
wire was greater than that with brass wire, because 
higher permeability of steel core made the magnetic flux 
in the wire greater than that with brass wire. Due to the 
same reason, the reactance with steel workpiece was 
greater than that with copper workpiece. 
3. Measurement using LCR meter 
Ż, R, and ωL were measured using an LCR meter 
(Agilent impedance analyzer 4294A). The experimental 
setup is shown in Fig. 8. In order to realize the analysis 
model shown in Fig. 1, one end of the wire was short 
circuited with one end of the workpiece, and the 
opposite ends were connected to the LCR meter. To 
keep a uniform gap width between wire and workpiece, 
a paper with 100 μm in thickness was inserted between 
the wire and workpiece. In the experiment, two kinds of 
wire (brass wire and coated wire) and two kinds of 
workpiece (steel workpiece and copper workpiece) were 
used. Measurement frequency was set at 500 kHz 
consistent with the analysis. Measured |Z|, R and ωL are 
shown in Figs. 9(a), 9(b), and 9(c), respectively. It is 
found that the measured results coincide with the 
analyzed results shown in Figs. 5, 6, and 7. 
 
Fig.8 Experimental setup 
 
(a) Measured |Z| 
 
(b) Measured R 
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(c) Measured ωL 
Fig.9 Measured impedance |Z|, resistance R and reactance ωL 
4. Application to actual machining 
Based on the analyzed and measured circuit 
impedances, influence of the impedance on the discharge 
current in actual machining is discussed. Fig. 10 shows 
the peak discharge current measured with four electrode 
conditions under the same pulse conditions shown in 
Table 2. The peak current with brass wire is higher than 
that with coated wire, because the impedance with brass 
is greater than that of coated wire. The peak current with 
copper workpiece is slightly higher than that with steel 
workpiece, because the impedance with copper 
workpiece is smaller than with steel workpiece although 
the difference is insignificant. Moreover, Fig. 11 shows 
the peak discharge current measured with two different 
thicknesses of the steel workpiece. In this experiment, 
the distance between the upper and lower wire guides 
was also changed so that the upper and lower nozzles 
were in contact with the top and bottom surface of the 
workpiece, respectively. Although the pulse condition 
was not the same as Fig. 10, Fig. 11 shows that the peak 
current decreases with increasing the workpiece 
thickness. This is mainly because the resistance of the 
wire was increased. 
Table 2 Machining conditions 
WEDM machine  Sodick AP200L 
Source voltage [V] 270 
Servo voltage [V] 38 
Voltage ignition time [μs] 1.5 
Pulse duration time [μs] 14.0 
Gap length [μm] 100 
Workpiece height [mm] 50 
 
Fig.10 Measured discharge current 
 
Fig.11 Measured discharge current with two thickness workpieces  
5. Conclusions 
This study calculated the impedance of the discharge 
circuit including the wire electrode and workpiece using 
an FEM electromagnetic field analysis under the 
assumption that the circuit can be modeled as a series 
circuit composed of resistance R and inductance L. It 
was found that resistance is more dominant than 
reactance in the impedance, and the resistance is mainly 
determined by the wire resistance. Hence, the impedance 
with brass wire was smaller than that with coated wire, 
and the influence of the workpiece material on the 
impedance was insignificant. Although reactance is 
smaller than resistance, reactance with wire or 
workpiece which are made of steel was greater than that 
with non magnetic substances. The analyzed impedances 
coincided with the measured ones. Measured peak 
discharge current decreased with increasing the 
workpiece thickness, resulting from the longer wire 
length. Thus, with this analysis, the reason for the 
change in the discharge current depending on the 
electrode impedance was explained successfully. 
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